Background: The morphogenic movements that characterize embryonic development require the precise temporal and spatial control of cell-shape changes. Drosophila dorsal closure is a well-established model for epithelial sheet morphogenesis, and mutations in more than 60 genes cause defects in closure. Closure requires that four forces, derived from distinct tissues, be precisely balanced. The proteins responsible for generating each of the forces have not been determined. Results: We document dorsal closure in living embryos to show that mutations in nonmuscle myosin II (encoded by zipper; zip/MyoII) disrupt the integrity of multiple tissues during closure. We demonstrate that MyoII localization is distinct from, but overlaps, F-actin in the supracellular purse string, whereas in the amnioserosa and lateral epidermis each has similar, cortical distributions. In zip/MyoII mutant embryos, we restore MyoII function either ubiquitously or specifically in the leading edge, amnioserosa, or lateral epidermis and find that zip/MyoII function in any one tissue can rescue closure. Using a novel, transgenic mosaic approach, we establish that contractility of the supracellular purse string in leadingedge cells requires zip/MyoII-generated forces; that zip/MyoII function is responsible for the apical contraction of amnioserosa cells; that zip/MyoII is important for zipping; and that defects in zip/MyoII contractility cause the misalignment of the lateral-epidermal sheets during seam formation. Conclusions: We establish that zip/MyoII is responsible for generating the forces that drive cell-shape changes in each of the force-generating tissues that contribute to closure. This highly conserved contractile protein likely drives cell-sheet movements throughout phylogeny.
Introduction
Cell-shape changes, proliferation, and cell movements cooperate to drive morphogenesis for successful development. The coordinated migration and fusion of epithelial sheets comprise the bulk of morphogenic movements characterizing animal development from gastrulation onward. These movements contribute to such diverse processes as neural-tube closure and secondary-palate formation in vertebrates, ventral closure in Caenorhabditis, and dorsal closure in Drosophila [1] [2] [3] [4] . Since the discovery of actins and myosins in nonmuscle cells, these proteins have been implicated in morphogenic movements [5, 6] , and circumstantial evidence supports the idea that contractile events in the epithelium help drive morphogenesis. Which motor proteins are responsible and how they function in different tissue types is unknown.
The movements that characterize dorsal closure have been described previously [2, [7] [8] [9] . After germ-band retraction, the dorsal surface of the embryo is occupied by the amnioserosa, a squamous epithelium of large flat cells, surrounded by the lateral epidermis of the retracted germ band. Dorsal closure occurs when the lateral-epidermal sheets on either side of the embryo move dorsally, meet, and fuse at the dorsal midline. Throughout the course of closure, approximately one row of amnioserosal cells remains tucked under the leading row of lateral-epidermal cells. They retain both their original morphology and relationship with the leading row of lateral-epidermal cells throughout closure [7] . In contrast, more central amnioserosal cells undergo cell-shape changes: flat, squamous cells constrict apically and push the bulk of their cytoplasm into the interior of the embryo [7, 10, 11] . Recent studies suggest that some amnioserosa-cell changes are mediated by interactions with the yolk [12, 13] . The lateral-epidermal cells that overlap the amnioserosa, which are called leadingedge or dorsal-most cells, also change shape at the onset of closure. Initially, the leading edge is irregular or scalloped, and cells are polygonal in shape. With time, they accumulate actin apically and elongate along the axis perpendicular to the dorsal midline. At its dorsalmost edge, each cell forms a segment of a supracellular purse string, or cable, that shortens by more than 25% during closure [7, 8, 11] . Throughout closure the two epidermal sheets meet at the anterior and posterior canthi (by analogy to canthi that are the corners of the eye), resulting in an eye-shaped gap on the dorsal surface of the embryo. Leading-edge cells extend dynamic filopodia that are up to 10 mm long [14] and appear to interact with both the amnioserosa and, near each canthus, leading-edge cells from the embryo's opposite flank. From early closure on, a metameric pattern of individual segments characterizes the lateral epidermis. Along the anterior-posterior axis of each segment, cellular identities for each of the approximately 12 cells comprising a segment are specified by segment-polarity genes [15] . Zipping, whereby segments approaching each other from opposite sides of the embryo align their cellular identities, occurs with great precision. After closure, a temporary seam ultimately matures into a continuous and seamless dorsal epithelium [7, 11, 14] .
Previously, we dissected the forces that drive cellshape changes in the movements that culminate in dorsal closure by using laser microsurgery [7, 11] . We showed that independent forces from the purse string and the amnioserosa coordinate by zipping at the canthi and jointly overcome forces from the remainder of the *Correspondence: dkiehart@duke.edu lateral epidermis to drive cell-sheet movement. Mechanical jump experiments that rapidly remove one or another contributing tissue indicate that the magnitude of each individual force is far in excess of the net force (i.e., their vector sum) that drives closure. In addition, even when repeated disruption of either the purse string or the amnioserosa compromised the mechanical integrity of one of these tissues, closure proceeded to completion-this indicates that the relative contribution of the forces from the remaining tissues must be altered such that a new balance of forces is achieved. Remarkably, under these conditions rates of closure occur at essentially native (unperturbed) rates. This suggests that large forces are precisely balanced to yield closure and that as-yet-unidentified processes can regulate such forces in order to deliver just the right combination required for successful closure. In contrast, combined disruption of the purse string and amnioserosa abolished closure. The overabundance of force-producing capacity, the ability of individual forces to drive closure, and the existence of processes that regulate the magnitude of individual forces is presumably at the root of the robust and resilient nature of closure.
How cells properly generate and regulate the forces for the constriction of the purse string, the apical contraction of amnioserosa cells, zipping, and the opposing force in the bulk of the lateral epidermis has not been addressed. Genetic studies have identified more than 60 genes required for dorsal closure (reviewed in [2, 9] ). These encode proteins, including cytoskeletal components, signaling proteins, transcription factors and morphogens, that have diverse cellular functions. How their activities are coordinated to drive closure is currently under intense investigation. Because most dorsalclosure genes are expressed either ubiquitously or in multiple tissues, deciphering the tissue-specific role(s) of individual gene products is complicated.
Nonmuscle myosin II (MyoII) is an excellent candidate for force generation because it is present in all tissues, and dorsal closure fails in the absence of zygotically expressed heavy chain [8, [16] [17] [18] . Nevertheless, its organization is different in each of these tissues: it is a prominent supracellular purse string in leading-edge cells, but considerably lower concentrations of it are distributed in a cortical array in both amnioserosa and lateralepidermal cells. Numerous studies have shown that MyoII is essential for a variety of different kinds of cell functions, including cell locomotion; capping of cellsurface receptors; determination of spindle position in mitotic cells; the partitioning of cell-fate determinants; the intercalation of cells during convergent extension; apical contraction for gastrulation; neuronal growthcone dynamics; and the rheological properties of actin networks [8, [19] [20] [21] [22] [23] [24] [25] [26] . Some of these functions may require contraction-we define contraction or active contraction as comparable to movements observed in muscle contraction, where myosin drives the displacement of anti-parallel actin filaments with respect to one another. We distinguish such processes from the ability to maintain or transmit tension, which can occur without shortening per se. Other processes may not require contractility or MyoII motor activity; such processes may include cortical integrity in Dictyostelium [27] , actinfilament assembly and disassembly during cytokinesis [28, 29] , and the inward progression of cytokinetic furrows both in S. cerevisiae [30] and in early stages of D. melanogaster cellularization [31] . Moreover, MyoII may contribute distinct functions in the different tissues that participate in closure. Most relevant to our studies, a contractile role for MyoII in metazoan morphogenesis has not been established.
In this report, we follow movements in living embryos and show that multiple tissues fail during dorsal closure in MyoII mutant embryos. We demonstrate that MyoII localization in the supracellular purse string is distinct from, but overlaps, F-actin. In contrast, we observe that in the amnioserosa and the lateral epidermis cortical localization of actin and myosin II are overlapping. We use tissue-specific drivers to restore MyoII function in selected cells of zip/MyoII mutant embryos and find that specifically restoring function in any one tissue is sufficient to rescue closure. We establish definitively that MyoII generates force for the contractility of the supracellular purse string in leading-edge cells. We also show that MyoII is responsible for the apical contraction of amnioserosa cells, that MyoII function is necessary for proper zipping, and that defects in MyoII contractility cause misalignment of the segmental stripes in the lateral epidermis.
Results and Discussion

GFP-zip/MyoII Localizes in Distribution Similar to that of Endogenous zip/MyoII
To investigate where zip/MyoII function is required for dorsal closure, we generated an N-terminal GFP-fused zip/MyoII transgene (GFP-zip/MyoII; Figure 1L ) and used the Gal4-UAS system [32] to drive its expression in a tissue-specific fashion. We compared the subcellular localization and tissue distribution of GFP-zip/MyoII in transgenic animals to the localization and distribution of endogenous, unlabeled zip/MyoII in wild-type embryos that were fixed and stained with antibodies to zip/MyoII (Figures 1A-1D ; Movie S1). In both preparations zip/MyoII localized in a ''bars-on-a-string'' distribution (each bar is in a single leading edge cell) at the leading edge of the dorsal-most cells of the lateral epidermis, results that were comparable to those of previous antibody staining [8] . The distribution of GFP-zip/ MyoII and endogenous zip/MyoII is distinct from, but overlaps, F-actin (Figures 1E-1G ; Movie S3; see also GFP-moe labeling in [7, 11, 33] ,or GFP-actin labeling in [14] ), which is continuous within the leading edge of the dorsal-most cells in both living and fixed specimens (data not shown; see Figure 7 of [8, 34] ). The ability of zip/MyoII to correctly localize in the supracellular purse string of leading-edge cells requires full-length protein-GFP-tagged constructs lacking either the motor head or tail domain fail to localize in a wild-type distribution (our unpublished data).
We found that GFP-zip/MyoII was cortically localized in both amnioserosa ( Figures 1A-1C, 1H , 1J, and 1K; Movie S2) and lateral-epidermal cells ( Figures 1A-1D ) and thereby confirmed and extended previous antibody staining studies [8, 35] . We also time-lapse imaged the distribution of GFP-zip/MyoII in amnioserosa cells in embryos where GFP-zip/MyoII expression was restored in only a few amnioserosa cells, which allowed us to The last three amino acids of GFP (LYK) are followed by an amino acid linker region (not shown in the determine the subcellular distribution of GFP-zip/MyoII with higher contrast (and therefore, higher resolution; see transgenic mosaics, below). GFP-zip/MyoII localization was extremely dynamic throughout the apical cortex of these cells (Figures 1J and 1K ; Movie S3). This apical and cortical distribution remained as this particular expressing cell contracted, then dropped out of the plane of the amnioserosa (see also Figure 4 from [7] ).
GFP-zip/MyoII also localized to aggregates within cells (see arrowheads in Figure 1B) ; these aggregates were comparable to those observed in embryos from which spaghetti squash (regulatory light chain) is removed [19, 36] . Aggregates are the consequence of anomalous heavy-chain interactions due to the exposure of the highly hydrophobic IQ motifs on each heavy chain in the absence of the regulatory light chain (our unpublished data). These aggregates do not appear to be detrimental to cell viability or function.
Dorsal-Closure Phenotypes of zip/MyoII Mutant Embryos Dorsal closure in zygotic null zip embryos (see Experimental Procedures) was examined by time-lapse imaging of the F-actin cytoskeleton with GFP-moe (Figures  2A-2F ; Movie S3). Several defects during closure were apparent and include the following: a decrease in the rate of closure at end stages; disorganization in the distribution of F-actin in leading-edge cells as closure progresses; and a failure in the structural integrity of the amnioserosa (arrow), leading-edge cells, and the junction between them (arrowhead). These data show that dorsal closure arrests when local regions of both the leading edge and the amnioserosa fail.
The penetrance with which we see dorsal-open phenotypes in zip mutant embryos is low (see also [17] ). Homozygous zip mutant embryos have residual zip/MyoII function that results from the maternal loading of zip/ MyoII protein that is deposited during oogenesis by the heterozygous, zip/+ mother (germline clones of severe zip alleles do not make viable oocytes; our unpublished observations; see also [19] ). This maternal load enables embryos to develop essentially normally, without zygotic transcription of new zip/MyoII, until approximately dorsal-closure stages. In zip mutant embryos generated from balanced stocks (some in existence for approximately 25 years), the penetrance of dorsal-open phenotypes of arrest is not high-more than 90% of our zip embryos completed closure and arrested during head involution, a subsequent stage in embryonic development. In an attempt to increase the penetrance, we outcrossed zip alleles to wild-type strains for three generations, but only a slight increase, to 25%, occurred when we tested the outcrossed homozygotes. This low penetrance of dorsal-open phenotypes made it difficult to determine the tissue-specific requirements of zip/MyoII with confidence. Therefore, we used a genetic approach to increase the penetrance of zip/MyoII phenotypes by titrating the maternal load of zip/MyoII with one or two copies of a lethal (2) giant larvae (l(2)gl) transgene; l(2)gl was originally identified biochemically as a zip/ MyoII binding protein, and subsequent genetic studies have shown that it negatively regulates zip/MyoII, presumably by binding zip/MyoII in a nonfunctional form [ [37] [38] [39] [40] . In particular, additional genomic copies of l(2)gl increased the fraction of zip embryos that failed during dorsal closure in a dose-dependant manner (Table 1 and [38] ).
Tissue-Specific Expression of GFP-zip/MyoII
Rescues zip Phenotypes UAS-GFP-zip/MyoII rescues dorsal-closure phenotypes. No zip embryos completed dorsal closure in the presence of four copies of l(2)gl (two endogenous plus two transgenic; Table 1 ). In contrast, when we expressed UAS-GFP-zip/MyoII in an identical genetic background by using specific Gal4 drivers to drive expression ubiquitously, in just the amnioserosa or in just the leadingedge cells, dorsal closure was rescued in more than 82% of embryos (n > 101 embryos for each genotype; Table 1 ). When expression was driven only in epidermal stripes, rescue was incomplete. These data demonstrate that restoring zip/MyoII function in any one of the tissues is sufficient to rescue dorsal-hole phenotypes and supports laser dissection studies indicating that individual tissues can alone drive closure [7, 11] .
Ubiquitous expression of GFP-zip/MyoII transgenes rescued a substantial fraction of animals through subsequent larval and pupal stages, with a small number of adults eclosing (Table 1 ). More robust rescue was observed with no extra copies of P[l(2)gl] (>80% embryonic viability; >55% larval and pupal viability and >10% adults eclosing). The tissue-specific expression (in the amnioserosa, in the leading edge, or in engrailed [en] stripes) of GFP-zip/MyoII failed to rescue animals to even larval stages, indicating crucial functions for zip/MyoII in embryogenesis after dorsal closure (e.g., head involution). The ability of ubiquitous expression to rescue animal viability through these additional developmental stages shows that GFP-zip/MyoII can functionally substitute for endogenous zip/MyoII. Along with the appropriate subcellular localization of GFP-zip/MyoII, the observations of viability through stages far beyond the perdurance of maternal load rules out the possibility that GFP-zip/ MyoII is nonfunctional and rescues zip/MyoII mutant embryos by displacing wild-type zip/MyoII bound to l(2)gl.
Together, our results demonstrate an essential function of zip/MyoII for dorsal closure in multiple tissuesspecifically, restoring zip/MyoII function in the epidermis, amnioserosa, or leading edge is sufficient to rescue dorsal-open phenotypes. Finally, they establish that the resilient and redundant forces that characterize dorsal closure [11] can be accounted for by zip/MyoII.
Transgenic Mosaics
To better understand the mechanism of zip/MyoII function during dorsal closure, we imaged live zip embryos expressing GFP-zip/MyoII and found fortuitous 
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spaghetti squash (sqh-Gal4) expresses ubiquitously throughout development e22c-Gal4 expresses in the epidermis and a few amnioserosa cells [32] c381-Gal4 expresses in amnioserosa cells [35] Leading edge-Gal4 expresses in leading edge cells of the lateral epidermis engrailed (en-Gal4) expresses in epidermal stripes of each epidermal segment [32] The table summarizes the rescue of dorsal holes as assayed by cuticle preparations. The tissue-specific expression of GFP-zip/MyoII was in the presence of two (I) or one (II) transgenic copies of P[l(2)gl]. In bold is the percentages of zip inconsistencies in the level of GFP-zip/MyoII fluorescence among cells in any given tissue. Although most cells in the target tissue (specified by the Gal4 driver) have similar levels of fluorescence, a small subset of cells (w1%-4%) have reduced or undetectable levels of expression. This nonuniform expression provides us with a unique opportunity to investigate the function of MyoII in tissues that contribute to closure by providing us with transgenic mosaics. These transgenic mosaics, like classically generated mosaics, allow the behavior of zip/MyoII-deficient, or nonexpressing, cells to be compared to juxtaposed cells with zip/MyoII function restored through the expression of GFP-zip/MyoII. Such traditional strategies for mosaic or clonal analysis, usually powerful in the fly, are all but impossible during this developmental interval. The behavior of these cells (see below) supports a failure to express the transgene and argues against a scenario whereby expression is normal, but fluorescence is suppressed-thus, we refer to them as nonexpressing. All Gal4 drivers examined displayed some fraction of nonexpressing cells with our GFP-zip/MyoII as well as with other responders (data not shown). The distribution of nonexpressors in any given embryo appeared to be random with respect to the overall geometry of the tissue, except that nonexpressing cells tended to be adjacent to one another more often than statistically expected. To simplify this analysis, we performed all subsequent experiments with wild-type levels of l (2) Figures 3E-3G ). In this embryo there are three similar nonexpressing regions that become stretched. Some nonexpressing cells initially appear to lack, or have reduced, GFP-zip/MyoII but later express it (arrowhead in Figure 3A ). Early on, such cells are stretched by their neighbors (compare arrowheads in Figure 3B ), but as GFP-zip/MyoII fluorescence increases in these cells, their ability to maintain tension and resist stretching increases. Indeed, MyoII drives active contraction such that the formerly stretched cell regains a shape comparable to that of its neighbors (arrowhead in Figure 3C ). In timelapsed records of genetically identical embryos (n = 5, see Experimental Procedures) in which regions of nonexpressing leading-edge cells were observed, nonexpressing cells that lacked GFP-zip/MyoII expression throughout closure were all stretched by their GFP-zip/ MyoII-expressing neighbors. Similar to the embryo shown, each of these embryos had two or more nonexpressing regions.
To further verify that zip/MyoII can produce forces that resist stretching, we examined zip embryos in which GFP-zip/MyoII was restored only in those epidermal cells that express en (Figures 3H and 3I) . We measured the width of the dorsal-most fluorescent cells at the leading edge and compared that value to the width of en-expressing stripes in controls. We reasoned that if MyoII contributes to purse-string tension, then MyoIIexpressing cells would contract and stretch their nonexpressing neighbors. The total length of en-expressing cells along an entire leading edge is given as a percent of the total leading-edge length. In zip embryos, enexpressing GFP-zip/MyoII cells account for 22.5% of the total length (64%, for n = 22 leading edges from 15 embryos), whereas in controls the value differ significantly: 45.3% 6 2.5% for n = 25 leading edges from 15 embryos (p < 0.001).
Next, we investigated whether GFP-zip/MyoII could cause active contraction as well as transmit tension. Some proteins that crosslink actin can transmit tension without driving contraction. We examined transgenic mosaics that perturb the distribution of GFP-zip/MyoII along the supracellular purse string and result in multiple regions with different expression levels of GFP-zip/ MyoII. We measured the length of four distinct but contiguous regions, or segments, of GFP-zip/MyoII-expressing leading-edge cells (Figures 4A-4C ; Movie S6). Comparable segments that were not contiguous were also observed (n = 5, data not shown). Segments 1 and 2 appear to express similar levels of GFP-zip/MyoII, whereas segment 3 expresses less of the rescue construct and segment 4 expresses little or no rescue construct. The length of segment 1 decreases throughout the interval shown, although the rate is not constant ( Figure 4D, solid line) . In contrast, segments 2 and 3 cycle between periods of contraction and relaxation (Figure 4 ; segment 2, dashed line with closed circles; and segment 3, dashed line with open circles). These two adjacent, expressing segments tend to cycle reciprocally such that when segment 2 is contracting, segment 3 is stretching and vice versa ( Figure 4D , compare dashed lines). These observations indicate that zip/MyoII can drive contraction as well as transmit tension (see below). Unlike the length of those segments expressing GFPzip/MyoII, the length of segment 4 increased 4-fold over this time interval ( Figure 4D , solid line with squares). It is important to note that all segments that express GFP-zip/MyoII exhibit net contraction over time (Figure 4D ) and that such contraction and oscillations, albeit at a lower amplitude, characterize the contractility in wild-type leading-edge cells during early stages of purse-string formation when the distribution of actin and MyoII is not yet uniform (data not shown).
These observations indicate that the magnitude of contractility is not strictly specified by the levels of zip/MyoII present at the purse string and instead suggest that additional factors serve to regulate zip/MyoII contractility at the purse string. This is consistent with demonstrated roles for Rho in the regulation of MyoII contractility during dorsal closure [17, 41, 42] . It is also consistent with the observations that the magnitudes of the individual forces that contribute to closure are far in excess of the net force (or vector sum) that drives closure. This indicates that each force that contributes to closure must be precisely regulated so that a net force with appropriate magnitude is applied in the correct direction.
Oscillations in the length of local regions of the purse string demonstrate that MyoII can drive contractility as well as maintain tension. This observation is crucial for understanding MyoII's contribution to closure and is a first step in evaluating the molecular basis for how MyoII drives closure. It rules out a reasonable mechanical hypothesis for how MyoII might contribute to closure; namely, this hypothesis is one whereby individual elements of the supracellular purse string contribute as stretched springs whose lengths are established at the onset of closure and then shorten toward their rest length as closure proceeds. By this hypothesis, MyoII would function early in closure to stretch such springs. This model is analogous to the force production in an old-fashioned, wind-up alarm clock-ultimately, the forces that drive the movements of the clock hands are powered by muscle myosin and ATP.
Transgenic mosaic observations indicate that actomyosin contractility is key for cell-sheet movement in closure. To our knowledge, our data provide the first definitive demonstration of active contractility that is temporally coupled to cell-shape changes and morphogenesis in a metazoan organism. In addition to providing contractile forces, MyoII may have additional significant effects on the rheology of the actin cytoskeleton (e.g., on viscosity and elasticity) and, as a consequence, on the biology of morphogenesis. Nevertheless, the ability of zip/MyoII to rescue stretched, nonexpressing cells and mediate their contraction to a state comparable to that of their continually expressing neighbors, suggests that contractility is the main contribution of MyoII.
Restoring zip/MyoII Function in the Amnioserosa Affects Leading-Edge Cell Morphology and Purse-String Assembly
To further analyze MyoII function, we examined embryos (n = 6) prior to the onset of dorsal closure. Analysis of transgenic mosaics early in dorsal closure indicates that assembly of the supracellular purse string is influenced by the presence (or absence) of GFP-zip/MyoII in adjacent amnioserosa cells (Figures 4E-4G ; Movie S7). Several factors influence the rate, degree, and timing of contractile events in the lateral epidermis. We observe that GFP-zip/MyoII expression in amnioserosa cells increases the subcellular localization of GFP-zip/MyoII in, and the morphology of, leading-edge cells to which they are adjacent. Like F-actin [7] , GFP-zip/MyoII localizes to the leading edge in patches, or islands, early in closure. Where leading-edge cells expressing GFP-zip/MyoII are juxtaposed to amnioserosa cells that also express GFP-zip/MyoII, MyoII is most intensely localized. As a consequence, these leading-edge cells are severely contracted, and the scalloped morphology of the early leading edge is enhanced (arrows in Figure 4E ). With time, the distribution of GFP-zip/MyoII becomes more uniform along the entire leading edge. Even the mature purse string is positively affected by the proximity of GFP-zip/MyoII expression in amnioserosa cells at later stages. When expressing leading-edge cells contact expressing amnioserosa cells, they contract to a much greater extent than if they contact nonexpressors. By the same token, if a small region of nonexpressing leading-edge cells contacts expressing amnioserosa cells, the leading-edge cells are stretched to a lesser extent. Finally, nonexpressing leading-edge cells are stretched most severely when they abut amnioserosa cells that are also nonexpressors (compare Movies S5 and S9). Two possibilities could explain these observations. A simple explanation is that the contractile forces generated in both the GFP-zip/MyoII-expressing amnioserosa and the leading-edge cells together result in the localized contraction of the lateral epidermis. Alternatively, MyoII, presumably through its ability to alter the structure and mechanical properties of the cell, can influence tension and/or contractility in adjacent cells and thus act in a cell-nonautonomous fashion. By this scenario, a positive-feedback loop exists whereby MyoII in adjoining tissues facilitates the assembly and subsequent contractility of a MyoII (and presumably actin) machine [43] . Our impression is that the overall morphology of these cells in transgenic mosaics supports a positivefeedback loop, but no data provide unequivocal evidence in support of this notion.
zip/MyoII Force Generation Is Responsible for the Apical Constriction of Amnioserosa Cells
Several observations have suggested a key role for zip/ MyoII function in the amnioserosa. These observations include disruption of its integrity in zip embryos; our finding that GFP-zip/MyoII expression in the amnioserosa could rescue zip embryos (Table 1) ; reports showing a robust cortical distribution of actin in amnioserosa cells [7] ; our data showing that zip/MyoII is also cortical; and biophysical studies that point to the amnioserosa as a key contractile player in dorsal-closure dynamics [7, 11] . We used time-lapse analysis of transgenic mosaics to investigate the possible roles of zip/MyoII in amnioserosa cell-shape changes. Unlike their wild-type counterparts, we found that nonexpressing amnioserosa cells consistently failed to contract apically and remain rounded (each asterisk is a single nonexpressing cell in Figures 5A-5D , Figure 5E , and Movie S8). Similar timelapse analysis on genetically identical embryos (n = 5, each with >3 nonexpressing cells) showed that all nonexpressors exhibited behavior similar to that documented in Figure 5 .
zip/MyoII-deficient amnioserosa cells finally did show a size reduction in their apical surface in the end stages of closure, but these shape changes occurred much later than those of their GFP-zip/MyoII-expressing siblings ( Figures 5A-5E ). Furthermore, we interpret these late shape changes as being due to forces generated by surrounding amnioserosa cells and the approaching lateral-epidermis sheets. Our results show that zip/ MyoII force generation is responsible for driving cellshape changes in amnioserosa cells.
zip/MyoII in the Bulk of the Lateral Epidermis
In principle, expression of GFP-zip/MyoII in the bulk of the lateral epidermis (i.e., except for the leading edge) would be expected to contribute forces that oppose closure (see [11] ) and thereby block closure in zip mutant embryos. Unfortunately, we have not identified appropriate Gal4 drivers that would allow us to confirm this hypothesis. We have examined transgenic mosaics in the lateral epidermis and do not observe the conspicuous stretching that characterizes nonexpressing cells in the leading edge or the amnioserosa. Nevertheless, such nonexpressors were slightly deformed. Our hypothesis is that the mechanical properties of adjacent, expressing lateral-epidermal cells and the overall structure of the epithelium prevents the shape of individual nonexpressing cells from being distorted like that of their counterparts from the leading edge and amnioserosa.
zip/MyoII Contributes to Canthus Formation and Canthus Migration
Time-lapse analysis of GFP-zip/MyoII-rescued embryos shows that nonexpressing leading-edge cells fail to incorporate into the canthus and cause inward progression of the canthus to stall (solid line in Figure 6E ; Movie S9), reminiscent of embryos in which zipping was mechanically or genetically perturbed [14, 17, 41] . These nonexpressors never get fully incorporated into the seam-instead, a small gap is formed when zipping fails and closure bypasses the nonexpressing cells to initiate a new seam proximal to the nonexpressing cells (region flanked by arrows in Figure 6D ). This is in contrast to leading-edge cells that uniformly express GFP-zip/ MyoII, which are incorporated into each canthus at a similar and nearly constant rate (dashed line in Figure 6E) . We conclude that MyoII helps pull the approaching leading-edge cells into the canthi during zippingpresumably through its function in the supracellular purse-string and amnioserosa cells, both of which contribute to the dorsal movement of the leading edge.
Uniform MyoII Contractility along the Leading Edge Is Necessary for Proper Segment Alignment
MyoII also contributes to the correct segment alignment that occurs when opposing epithelial sheets meet and zip together at the dorsal midline (Figures 7A-7C ; Movie S10; [14] ). Unique cellular identities across the width of each segment are established early in embryogenesis (see [15] and references within). Time-lapse analysis of zip embryos in which GFP-zip/MyoII is expressed only in en-expressing epidermal stripes revealed the misalignment of epidermal stripes in 65% (26/40) of these embryos (Figures 7D-7F ; Movie S11) compared to just 4% (2/50) in zip heterozygous control embryos ( Figures  7A-7C ). The number of misaligned stripes varied from one or two stripes to several. These results indicate that non-uniform MyoII contractility along the leading edge results in the misalignment of the lateral-epidermal sheets at the dorsal midline and show that MyoII is a key motor involved in seam formation.
To examine this hypothesis further, we altered zip/ MyoII contractility along the leading edge in zip heterozygotes by expressing a fragment of zip/MyoII designed to perturb endogenous zip/MyoII function in a dominant-negative fashion (GFP-DN-zip/MyoII; Figure 1L ). This construct was based on previous MyoII fragments that were shown to perturb endogenous MyoII function [44] . When driven in en-expressing cells, GFP-DN-zip/ MyoII caused stripe misalignments in 52% (15/29) of zip 1 /+ embryos, compared to only 4% (2/50) of zip 1 /+ embryos without dominant-negative expression (Figures 7G-7J) . Thus, in rescue and dominant-negative expressing embryos, misalignments were very common. In both cases, when an en-expressing stripe from one sheet failed to pair with its correct partner, it generally did one of three things: (1) paired almost precisely with an en-expressing stripe that was adjacent to the one it should have paired with (Figures 7F and 7J) , (2) paired with two or three other en-expressing stripes to create a ''Y'' ( Figures 7G and 7H) or ''X'' (Figure 7I ) appearance; or (3) altogether failed to pair with another en-expressing stripe (arrowheads in Figures 7H-7J) . The last category displayed no signs of actively pairing with nonen-expressing cells and, as a consequence, never fully migrated to the dorsal midline. Instead, leading-edge cells of such segments bunched together away from the midline (arrowheads in Figures 7H-7J ). These data demonstrate that uniform zip/MyoII contractility along the dorsal-most cells of the lateral epidermis is important for correct alignment of epidermal stripes.
The ability of two epithelial sheets to migrate, align, and fuse is important for several developmental processes, including neural-tube closure, secondary-palate formation, and dorsal closure [3, 4, 8, 14] . Our data show that non-uniform zip/MyoII contractility predisposes embryos toward misalignments. This likely occurs by altering the spatial distribution of stripes in opposing sheets as they approach one another. During approach, each cell in each segment (homeotic gene expression gives each segment in the embryo a unique identity) must identify its correct partner for a seamless fusion of sheets. The unequal application of MyoII-based forces can subvert both zipping and the proper alignment of segments during dorsal closure. Nevertheless, the cells in each segment have a clear identity with respect to their position in the segment. Misalignment, where it does occur, is always in phase-each en-expressing cells in a given segment aligns with cells of comparable positional identity within the segment as it approaches from the opposite side of the embryo. It is still unclear how alignment of epithelial sheets occurs during dorsal closure, but some hypotheses have been suggested (e.g., differential expression of adhesion molecules, see [15] and references within). These embryos that have spatially perturbed defects in zip/MyoII function offer a unique tool for the future identification and characterization of the molecular mechanism(s) that enables cells within a segment to identify and fuse with the correct partner cell.
Additional Considerations
The failure of some embryos to complete dorsal closure (Table 1) , even in the presence of the GFP-zip/MyoII rescue construct, in our lethal-phase analysis is probably the result of the observed mosaic expression of the Gal4-UAS system and not a result of the biology of GFP-zip/MyoII or its endogenous counterpart, zip/ MyoII. Although nonexpressors were generally limited to only a few cells, some embryos exhibited large regions that failed to express GFP-zip/MyoII in designated target tissues. Such embryos were likely unable to generate the forces required for appropriate cell-shape changes and closure. In cases where rescue constructs were targeted to a single tissue, these embryos with large nonexpressing regions likely failed because more than one tissue lacked MyoII function.
In addition to having the above-described effects on cortical rheology, MyoII may also play additional minor roles (e.g., receptor capping, establishment and maintenance of polarity, or junctional remodeling) during closure. It is also important to note that our findings do not rule out the participation of other motors in dorsal (E) Quantitative analysis of the incorporation of leading-edge cells into the canthus. The distance between the canthus and an arbitrary cell that could be followed throughout closure was measured. In each case the distance between the arrows (solid line, and includes nonexpressing leading-edge cells) and the arrowheads (dashed line, control) was normalized by dividing each value by the initial distance value between arrows or arrowheads, then plotted versus time. Incorporation at both canthi occurred at roughly similar rates until leading-edge cells lacking GFP-zip/ MyoII localization arrived at the left canthus (arrow in [E]). Subsequent incorporation of cells into the left canthus stalled, whereas incorporation at the right canthus continued unperturbed. (F) Analysis of leading-edge-cell incorporation into the canthus with minimal GFP-zip/MyoII expression in amnioserosa cells (Movie S5; see the distance between cells labeled 1 and 2 in Figure 3C ). The distance between cells labeled 1 and 2 and the right canthus was measured over time and plotted as in (E). When leading-edge cells lacking GFP-zip/MyoII expression reach the canthus (arrow), subsequent incorporation is halted. The initial rate of movement for cells 1 and 2 toward the canthus is slightly different and occurs because cell 2 is simultaneously contracting away from the canthus over the interval. The scale bar in (C) represents 20 mm and applies to (A)-(D).
closure. Nevertheless, failure of closure in zip/MyoII mutants demonstrates that such motors would have either a minor function that acted in parallel to zip/MyoII or would have to function in series with MyoII to affect closure.
Conclusions and Implications
We address the cellular mechanisms by which MyoII contributes to dorsal closure, a key model for cell-sheet morphogenesis. Such a role for MyoII has long been assumed and supported by circumstantial evidence but has not been documented. Given that this motor protein is highly conserved, we suggest that it is responsible for driving cell-shape changes in many morphogenic movements during metazoan development.
We determined the cell and tissue types that require MyoII function for dorsal closure and show that MyoII generates force utilized by different tissues to drive cell-shape change. Such forces include those for the active contraction of the supracellular purse string; for the apical contraction of cortical actomyosin in amnioserosa cells; and probably, for producing closureopposing tension in the bulk of the lateral epidermis. In addition, we show that MyoII is required for correct zipping at the canthi and that uniform MyoII contractility is important for proper alignment of epithelial sheets during seam formation. We demonstrate that GFP-zip/ MyoII is a functional marker for the real-time analysis of MyoII, which will allow examination of its subcellular distribution during other morphogenic processes.
We also introduce a novel, transgenic-mosaics approach. This powerful approach will facilitate the further characterization of the tissue-specific function(s) of other proteins, not just zip/MyoII, during dorsal closure. It will enable the characterization of protein function at other developmental stages for which appropriate Gal4 drivers are available. Together, transgenic mosaics and the ability of GFP-zip/MyoII to rescue dorsal closure defects will allow the future examination of MyoII contractility in mutant backgrounds (e.g., Rho kinase or myosin phosphatase) that regulate MyoII [45, 46] . This will make it possible to understand how proteins that regulate MyoII function contribute, in a tissue-specific manner, to coordinated cell-sheet migration and morphogenesis. 
Experimental Procedures
Generation of GFP-zip/MyoII and GFP-DN-zip/MyoII GFP-zip/MyoII was inserted into the pUASt vector (the construct's nucleotide sequence is given in Supplemental Data). A full-length zip/MyoII ORF introducing 5 0 XmaI and 3 0 EcoRI restriction sites was cloned. GFP was amplified by PCR to include engineered 5 0 EcoRI and a 3 0 XmaI restriction sites. A three-part ligation placing GFP and the zip/MyoII ORF into pUASt [32] , which was digested with EcoRI, was performed. Positive clones were sequenced to verify structure. Transgenic flies were generated by standard protocols.
GFP-DN-zip/MyoII (AA 775-1972 of zip/MyoII) was inserted into the pUASt vector (the construct's nucleotide sequence is given in the Supplemental Data). The zip/MyoII fragment was cloned with introduced 5 0 Acc65I and 3 0 EcoRI restriction sites. GFP was amplified by PCR to contain engineered 5 0 EcoRI and 3 0 Acc65I restriction sites. A three-part ligation placing GFP and the zip/MyoII fragment into pUASt, which was digested with EcoRI, was performed. Sequencing positive clones verified structure. Transgenic flies were generated by standard protocols.
Lethal-Phase Rescue Analysis Using GFP-zip/MyoII
Gal4 driver lines (engrailed, en; spaghetti squash, sqh; e22c; c381; and leading edge, LE; together referred to as X-Gal4 in Table 1) were recombined onto sp zip 1 chromosomes, which were subsequently balanced over SM6a. Driver lines were obtained from the Bloomington Stock Center, except that sqh-Gal4 was a gift from Robin Wharton. The p[UASt-GFP-zip/MyoII] responder transgene was recombined onto a sp zip 2 chromosome, which was subsequently balanced over SM6a. As is standard practice, we avoided effects from other possible recessive lethal mutations that may have accumulated on either the sp zip 1 or sp zip 2 chromosome in balanced stocks by assaying transheterozygotes (zip 1 
/zip
2 ) for rescue analysis. We assume that phenotypes observed were comparable to those of animals homozygous for each of these severe alleles and refer to such embryos as zip embryos. For dorsal-closure survival analysis, P[UASt-GFP-zip/MyoII], sp zip 2 /SM6a;P[l(2)gl]/ P[l(2)gl] females were crossed to either X-Gal4,sp zip 1 /SM6a or XGal4,sp zip 1 /SM6a;P[l(2)gl]/P[l(2)gl] males. Embryos were collected on grape plates for 4 hr and aged 6 hr, and fluorescent embryos (the tester genotype) were selected with a GFP-dissecting microscope. Selected embryos were aged at 25ºC for a total of 36 hr, and cuticle preps were done on unhatched embryos to quantitate dorsal holes. For control crosses, sp zip 2 /SM6;P[l(2)gl]/P[l(2)gl] females were crossed to either sp zip 1 /+ or sp zip 1 /+;P[l(2)gl]/ P[l(2)gl] males.
Time-Lapse and Quantitative Analysis of Mutant Embryos
Either a Zeiss LSM 510 laser-scanning confocal microscope or a Zeiss Axiovert 200M microscope with a Perkin Elmer spinningdisc confocal head were used for time-lapse capture with a 253 (0.8 NA), 403 (0.9 NA), or 633 (1.4 NA) objective lens. Embryos were dechorionated and mounted in chambers for time-lapse analysis as previously described [7] . Images were collected every 60 s. Quantitation was performed with Image J. Individual videos were opened as a stack in Image J, and measurements were taken on individual frames. Values were then exported to an Excel worksheet and plotted with Chart Wizard.
For each analyzed genotype, we provide an embryo number ''n'' in the results. This number indicates the number of embryos for which time-lapse data sets were generated from early dorsal closure to its completion. For reasons described below, these numbers are often much lower than the number of embryos we observed exhibiting the described morphological changes and from which we based our conclusions. For example, in embryos where zip/MyoII function was restored in the amnioserosa, we observed more than 20 embryos in which all cells lacking the rescue transgene had a larger apical surface and more round morphology in comparison to their GFPzip/MyoII expressing neighbors. Depending on the rescue genotype, dorsal closure could take from 2 to 6 hr for completion, and thus we could not time-lapse all embryos. Our ''n'' represents only those embryos for which we collected complete video time-lapse data sets that span early to end stages of closure.
Supplemental Data
Eleven movies and a scaled schematic showing the pertinent restriction sites for cloning pUASt-GFP-zip/MyoII and pUASt-GFP-DN-zip/ MyoII as well as the base pair sequence for each construct placed within the pUASt EcoRI site are available with this article online at http://www.current-biology.com/cgi/content/full/15/24/2208/DC1/.
